Introduction
In the recent decade, there has been growing interest in the electrodynamics of materials characterized by negative refractive index. These materials have been introduced into consideration by V. G. Veselago (1967) . The progress in the nanotechnology of composite materials made it possible to design new materials whose properties can be explained by assuming that the refractive index of these materials is negative [Smith (2000) , Shelby(2001) ]. Some authors [Pendry (2000) , Lagarkov (2004) ] suggested that these materials with negative refraction allow one to overcome the diffraction limit in optical devices. This thesis has met many objections [Williams (2001) ], which are not absolutely indisputable [Pendry (2001) .]. Nevertheless, the concept of a superlens (in the form of a layer of medium with negative refraction), which was proposed in [Pendry (2000) ] and allows one to completely overcome the diffraction limit in the ideal case, has found many supporters (see, for example, , Chen (2006) , Alitalo (2007) , , Scalora (2007) , Podolskiy (2005) ] and references therein). The superlens, as proposed by Pendry (2000) , is a plane plate of material with negative refractive index. The geometry of rays originated from a point source S and focused in the point P for the superlens is shown in Fig. 1 . The refraction of the rays takes place according to the Snellius law applied to the material with negative refraction index. Fig.1 shows the case n = -1 for which there are no geometrical aberrations. According to Pendry (2000) there is a singularity of the electromagnetic fields at the image point P of a point source S. However, the very concept of a superlens with a singularity at the image point P seems quite strange. Indeed, it has been known since Fresnel's times that the dimensions of a focal spot are determined only by the angle between the marginal converging rays and by the radiation wavelength in the focusing region (see, for example, the textbook [Sivukhin (1980) , Section 55]). The dimensions of the focal spot are a property of a converging wave and do not depend on the optical system that has formed this converging wave. In the case of a superlens, a converging wave propagates in vacuum, outside the layer with negative refractive index, and it seems reasonable that it should focus into a region of standard dimensions. The goal of the chapter is to examine completely this knotty problem. One approach in strict formulation has been suggested in two papers of A. B. Petrin (2008) . It was considered the Source: Wave Propagation in Materials for Modern Applications, Book edited by: Andrey Petrin, ISBN 978-953-7619-65-7, pp. 526, January 2010, INTECH, Croatia, downloaded from SCIYO.COM www.intechopen.com propagation of an electromagnetic wave radiated by an elementary electric Hertz dipole located in the air (or vacuum) parallel to the boundary of a layer or, in a particular case, to the boundary of a half-space filled with a material with negative refractive index. It was applied a rigorous approach that dates back to Sommerfeld [Sommerfeld (1926) , Wait (1998) ]. The scientific discussion around the resolution of superlens has shown that there is some lack of understanding in the theory of diffraction which has a fundamental significance. The main goal of the chapter is to clear the theme of diffraction limit of lens with negative refraction from several points of view.
The ultimate resolution of electromagnetic imaging devices and the limits of subwavelength imaging. Fundamental aspects.
Before considering strict solutions of the problem let us investigate the ultimate resolution of electromagnetic devices from common point of view since the propagation of electromagnetic waves is obeyed the Maxwell's equations. Moreover, in the regions outside the superlens the electromagnetic waves propagate in vacuum and it is possible to apply the well-known approaches to the problem of resolution of superlens. Let us consider the preliminary auxiliary problems. First, consider a point source of electromagnetic radiation (in particular a point Herzian dipole, see Fig.2 ). Consider the image plane parallel to the dipole. The distribution of mean electric field on the plane depends on the distance from the dipole to the plane. Fig. 3 shows the case when the distance d from the dipole to the plane of observation is much smaller than the wavelength of the electromagnetic wave . In this case of the near field zone (d << ) the dimensions of the spot are of the order of d due to the fast decrease of the electric field from the dipole in the near field zone. Thus, formally, in the near field zone there is subwavelength resolution of the dipole. Let's take two dipoles as shown in Fig. 4 . In this case it is possible to resolve the mutual position of the two dipoles with subwavelength accuracy in the near field zone. Fig. 5 approximately shows the image spots from these two dipoles on the plane of observation. So, in principal (when d/ →0) , the subwavelength resolution may be achieved without use of any lenses. It is necessary to emphasize that such subwavelength resolution in the near field zone is well-known and trivial. Let's again consider the superlens shown in Fig. 1 . And let's show that the superresolution (that is the existence of singularity in the image spot from the point source such as dipole as in the work of Pendry (2000)) is impossible. It will be shown below that there is no superresolution neither in near field zone nor in the far field zone (d >> ). The existence of singularity in the image point is contrary to the Huygens principle of wave propagation and to the analogue of the principle in electromagnetism -the formulas of Stratton and Chu (see Stratton (1941) ). Indeed, to the right of the plate of negatively refracted material of the superlense in Fig. 1 is the vacuum. So, the image point may be encircled with sphere C as shown in Fig. 6. www.intechopen.com Thus, for any point inside the sphere, including the image point P, it is possible to write the formulas of Stratton and Chu (see Stratton (1941) ) in the following form: The formulas of Stratton and Chu show that the electromagnetic fields at the point P are the superposition (the vector sum) of the fields from the sources situated on the surface C. The sources are the surface electric and magnetic dipoles defined by the tangential components of electromagnetic fields. Since the surface C may be of arbitrary form it is possible to deform the surface and transform it into the plane surface as shown in Fig. 7 (the closing semisphere of the surface is depicted in Fig. 7 by doted line). Due to the Zommerfeld's condition of radiation the integral on infinitively distant semisphere is vanished and the integral on C is reduced to the integral over the plane (see Fig. 7 ). Thus, the elementary sources of the electromagnetic fields are situated on the plane C and give the fields at the point P by summation. So, it is obvious that the dimensions of the focus region are defined by the two parameters: the wavelength and the distance d between the surface of the plate of the negatively refracted material and the image plane. change if the point of observation moves from the point P to the point P' (see Fig. 8 ).
If the image plane is in the far zone (d >> ) and if the displacement of the point P is of the order of then the distance from any element dC is approximately the same (in relative sence) if the point of observation move from the point P to P' (due to /d →0). So, only phase changing defines the changing in the fields from the element dC. The phase shanges on the distance of the orser of . Therefore, the focal region dimensions are of the order of . Since the fields from any element dC change noticeably for the displacement of the order of the same conclusion may be made for the total or summed fields for the considering case of far zone.
If the image plane is in the near zone (d << ) and if the displacement of the point P is of the order of d then the phase difference is neglectively small. So, only the terms without phase exponent give contribution to the fields at the points P and P'. the fields from any element dC change noticeably for the displacement of the order of d the same conclusion may be made for the total or summed fields for the considering case of near field zone. The same dimensions of the spot will be in the case of Fig. 5 , so, in this sence the lens with negative material is unnecessary for achieving better resolution. Thus, the conclusion from the above reasoning is the following: there is no singularity in principle neither in near field zone nor in the far or intermediate zone. This conclusion is not depened on the lens disign or the apsorption of the material of the lens. So, the term superresolution has no sence. It is only possible to speak about common subwavelenth resolution in the near field zone.
3. The strict electromagnetic theory of lens with negative refraction (a plane layer filled with a medium with negative refractive index) and the image of a point source of radiation. Correspondence of common media and media with negative refraction.
In this paragraph we consider the strict solution of the problem of focus spot dimension from the point source inside the semispace with negative refraction and in vacuum for the superlens (after refraction in a plane layer filled with a medium with negative refractive index).
Radiation from a Hertzian dipole parallel to a layer of medium with negative refractive index. Strict theory.
Consider ( Fig. 9 ) an elementary horizontal dipole (a Hertzian dipole) with unit current moment Fig. 9 . Geometry of the problem. Media 2 and/or 3 are characterized by negative refractive index. The source of electromagnetic waves, an electric Hertzian dipole, is located in medium 1 (vacuum or air, 11 1 εμ = = ).
where (x) is the delta function, e x is a unit vector directed along the x-axis, and d is the zcoordinate of the dipole. Note that in this paper we use a complex representation of all quantities with the time dependence e -iωt . A detailed account of the problem of propagation of electromagnetic waves radiated from a Hertzian dipole oriented parallel to the plane boundary of a half-space filled with an absorbing medium with positive real parts of permittivity and permeability was given in King&Smith (1981) . Below, we generalize the approach developed in King&Smith (1981) and apply it to solving the problem of radiation from a dipole parallel to a layer with negative refractive index. We can write Maxwell's equations in the three domains as
( )
www.intechopen.com
Application of Media with Negative Refraction Index to Electromagnetic Imaging. Fundamental Aspects..
131
where j = 1 for domain 1 (z > 0), j = 2 for domain 2 (-h < z < 0), and j = 3 for domain 3 (z < -h), h is the layer thickness. The boundary conditions on the surfaces of the layer require that the tangential components of the fields E and H = B/ , as well as the normal components of the fields D = εE and B, be continuous (provided that there are no external current sources on the surfaces). However, one can show that, in the case of harmonic fields, it suffices to require that only the tangential components of E and H = B/ should be continuous. The electric field can be represented as a Fourier expansion:
Similar expressions can be written for B and J:
,, 2 ,,
Using the Fourier transformation, from (3) we obtain the Fourier transform of the current source:
Using the Fourier representations of the fields, we can rewrite Maxwell's equations in the three domains as
ξω ε μ
where  sp is the Kronecker delta. Using Eqs. (9) and (13) 
where we introduced complex wavenumbers for the domains by the formulas (14)- (17) into (8) and (11), we obtain ( ) 
In the general case of an absorbing medium, there exist two branching points of the function Figure 10 shows why it is the analytic branch (21) that correctly describes both an ordinary lossy medium (in the limit, with infinitely small losses) and a passive (generally speaking, lossy) medium with negative refractive index. Figure 10a represents the real and imaginary parts of the function ( ) γ λ described by formula (21) 
When 0 > z , the first term exponentially increases, which contradicts common sense (the field of a source in free space increases at infinity). The integration of the first term by formula (6) yields an infinite integral. Therefore, 1 0 ′ = C , and for 0 > z we obtain
Similarly we can show that a solution to Eq. (19) in domain 3 for z < -h is given by 
In domain 2, there exist two linearly independent solutions; therefore, Again, repeating the arguments that a wave cannot increase as →+∞ z , we find that 1 0 ′ = S .
As a result, the electric field in domain 1 is represented as 
for the electric field. We have four equations and eight unknowns. Therefore, we should add equations for the continuity of y E and μ y B on the two boundaries. However, first, using relations (30)- (33) 
and from (32) and (33) 
Proceeding along the same vein, we obtain a boundary condition for the magnetic field on the second boundary z = -h: 
To obtain the boundary condition for the electric field on the boundary z = 0, we apply the expression ( 
Finally, the boundary condition for the electric field on the boundary z = -h is expressed as ( ) 
The system of equations (38)- (41) ; 0 sin (38)- (41) 
The substitution of ω εμ = k into the last two equations, we obtain precisely the system of equations (3.14) from King & Smith (1981) 
Passing to cylindrical coordinates, from expressions (43) and (44) we can determine the electric field components in cylindrical coordinates King&Smith (1981) (i.e., in the plane of image perpendicular to the z-axis; further analysis will be focused on the field distribution in this plane): 
J is a Bessel function of order n, and ( ) ,, ρϕz are cylindrical coordinates (see Fig. 9 ).
3.2 Results of calculating the radiation from a dipole parallel to the boundary of a halfspace with negative refractive index and discussion of these results. We calculated radiation from a dipole parallel to the boundary of a half-space filled with a medium with negative refractive index (medium 3; the layer with medium 2 is missing). We investigated radiation transmitted into medium 3 in order to study the focusing properties of the medium, i.e., in order to find the dipole field near the point of the geometric-optics image of the dipole. The electric field components parallel to the plane of image were calculated by formulas (45) and (46). We verified that formulas (43) and (44) give identical results for appropriate components; however, because of the double integration, these calculations take much more time.
The electric field components were calculated for a dipole located at the point with coordinates x = 0, y = 0, z = d = 1 m. The radiation frequency is 23
GHz. In free space, this frequency corresponds to a wavelength of 0 0.1 λ = m. All the calculations were carried out for materials with negative refractive index and small absorption ( In [Petrin A. B. (2008) ], it was shown that, as 2 0 ε ′′ → and 2 0 μ′′ → , the dimensions of the focusing region vary by at most 30% and this variation occurs only in the domain where 2 1 ε ′ ≈− and 2 1 μ′ ≈− ; i.e., our conclusions about the absence of superresolution remain valid even in the limit case of a lossless material with negative refractive index.
Results of calculating the dipole radiation transmitted through a layer with negative refractive index and discussion of these results.
The results of the previous section show that the focusing of radiation from a point source of electromagnetic radiation due to refraction on the interface between air and a half-space with negative refractive index does not provide a superresolution predicted in [Pendry J. B. (2000) ]. To close the question completely, we considered focusing of radiation of a point source transmitted through a layer of medium with negative refractive index. According to [Pendry J. B. (2000) ], such a layer represents a lens. We calculated the electric field for a layer of medium of thickness h = 2m with parameters The radiation frequency is the same as in the previous section (3 GHz). According to the laws of geometric optics [see Pendry (2000) and Veselago (2003) ], after refraction, the dipole radiation should be focused at a point with coordinates x = 0, y = 0, and
The electric field in domain 3 was calculated by formula (42). Figure 15 shows the distribution of the modulus of the electric m in the H plane. These results allow us to draw an important conclusion: the distribution of the electric field modulus is slightly expanded after refraction on the second boundary. In other words, superresolution in such a system is not observed. Thus, the results of the investigation lead to a unanimous conclusion that the use of materials with negative refractive index does not allow one to reach a superresolution of noncoherent objects (to overcome the diffraction limit in far zone).
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Conclusion
In this chapter it was proved the fundamental result of diffraction theory: for any focusing system the existence of singularity at image point of a point source is impossible in principle. The result was illustrated for the important focusing system consisted of a layer of material with negative refraction (the superlens).
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